Communicated by James F. Bonner, April 26, 1983 ABSTRACT ADP-ribosylation of proteins was analyzed by in vivo labeling of cells with [3H]adenosine, followed by separation of their protein components by two-dimensional isoelectric focusing/NaDodSO4 polyacrylamide gel electrophoresis. We show here that in several cell types of avian and mammalian origin the major [3H]adenosine acceptor in vivo is a polypeptide with a Mr of 83,000 and isoelectric point of w5.3. This polypeptide is identical to one of the stress-inducible and glucose-regulated proteins (here called SP83) previously described in avian and mammalian
cells. Snake venom phosphodiesterase digestion of purified 3H-labeled SP83 releases 5'-AMP and a minor fraction of 2'-(5"-phosphoribosyl)-5'-AMP. In vitro labeling with [32P]NAD' of total cell lysates made in the presence of non-ionic detergents also results in incorporation of radioactivity into SP83. Both of these results strongly suggest that the modification is an ADP-ribosylation. Heat shock and glucose starvation of cells induce a rapid and extensive decrease in the incorporation of ADP-ribose into SP83, suggesting that ADP-ribosylation may be important for the regulation of the function of this protein.
ADP-ribosylation occurs as a posttranslational modification of a small group of proteins. The reaction is usually thought to be catalyzed and enhanced by toxins such as cholera or diphtheria toxin, and, in the cases examined, a specific enzymatic or regulatory function is known to be inhibited by the covalent attachment of ADP-ribose to the protein acceptors (1) (2) (3) (4) (5) . Re- cently, several structural proteins have been shown to be modified by ADP-ribosylation as well as a response to cholera or diphtheria toxins in vitro (6, 7) . Most of these modifications have been characterized and shown to occur only in vitro by utilizing NAD' as an ADP-ribose donor. Which proteins function as cytoplasmic ADP-ribose acceptors in vivo is presently unknown. Another form of the same type of modification is the addition of a polymer of ADP-ribose to histones (8) . This reaction occurs in vivo (9) as well as in vitro (8) . Large T-antigen found in simian virus 40-infected and transformed cells is another example of a nuclear protein whose function might be modulated by poly-ADP-ribosylation in vivo (10) .
There is a small group of polypeptides whose synthesis and accumulation is stimulated severalfold when cells are challenged with a variety of stress situations (11) (12) (13) (14) (15) (16) . The major stressinduced polypeptides in invertebrate as well as vertebrate cells have apparent Mrs of 110,000, 100,000, 90,000, 83,000, 68,000-70,000, 27,000, 26,000, 24,000, and 22,000 (12, 15, 17) . (They will hereafter be referred to as SP 10, SP100, SP90, SP83, etc.) Comparing the molecular weights, isoelectric points, and partial peptide maps of the individual stress-induced proteins has clearly established a high degree of homology between all cell types thus far investigated (12, (15) (16) (17) (18) (19) (20) . A certain variation is observed in the extent of induction and accumulation of these polypeptides in different organisms and cell types. However, the SP90, SP83, and SP68-70 seem to be universally induced (12, 15, 17, 19) . Most, if not all, of the stress-induced polypeptides with Mrs between 70,000 and 10000 are also present in normal cells (13, 20) , suggesting that they participate in important cellular regulatory functions. Three polypeptides whose transcription and translation are increased in response to glucose starvation have been described in mammalian and avian cells (21) (22) (23) (24) . Their Mrs are estimated to be 94,000-99,000, 78,000, and 54,000-58,000, respectively (21, 23) . Comparing the molecular weights and isoelectric points of these proteins (5.1, 5.3, and 5.9, respectively) with the stress-induced polypeptides, it is apparent that the Mrs 94,000-99,000 and 78,000 glucose-regulated polypeptides are similar to SP100 and SP83, respectively (13, 17, 21, 23 
MATERIALS AND METHODS
Cell Cultures. Primary chicken embryo fibroblasts (CEF) were prepared from 10-to 11-day-old embryos according to Rein and Rubin (26) and were grown in complete growth medium as described (27) . The (29) . After staining Vels with Coomassie brilliant blue-R (CBB) and destaining, the H-labeled gels were equilibrated in EN3HANCE (New England Nuclear) before drying, whereas 32P-labeled gels were dried directly. The dried gels were then exposed to Kodak X-Omat R (XAR-5) film at -70°C for 2-21 days. Quantitation of fluorograms was done by scanning autoradiograms of one-dimensional gels in the linear range of exposure with a Quick Scan (Helena Laboratories, Beaumont, TX) gel scanner at 570 nm.
In VitroLabeling of Cell Lysates. CEF were grown and harvested as described above. The resulting cell pellet was resuspended in 100 ,ul of lysis buffer A containing 0.25% Nonidet P-40 instead of NaDodSO4. This lysis buffer was also supple- terminated by the addition of NaDodSO4 to 0.2% and boiling the samples for 5 min. The samples were prepared for isoelectric focusing as above.
Enzyme Digestion and TLC. CEF were labeled with [3H]-adenosine in vivo as described and proteins were separated by two-dimensional gel electrophoresis. From theCBB-stained and destained gels the area corresponding toSP83 (three isoelectric variants) was excised and the gel pieces were equilibrated for 2 hr in three 1-ml aliquots of 25 mM ammonium bicarbonate buffer (pH 8.0). Finally, the acrylamide pieces were resuspended in 400,l of ammonium bicarbonate and incubated at 370C, and 20, 40, and 40 pl of TPCK-trypsin (10 mg/ml in ammonium bicarbonate; Worthington) were added, respectively, at intervals over a period of 48 hr. After this time, 1 mg of sovbean trypsin inhibitor in a volume of 100 ,l was added to the sample and the incubation was continued for another 2.5 hr. By this treatment 83% of the total radioactivity present in the SP83 spot was released (see Table 1 When extracts identical to those described in Fig. 1 were analyzed by one-dimensional NaDodSO4/polyacrylamide gel electrophoresis, in principle, the same result was obtained (Fig.  2 A-F Fig. 4 . SP83 clearly incorporated 32P radioactivity from NAD', further strengthening the suggestion that it is ADP-ribosylated. With [a-32P]ATP as a substrate, no detectable radioactivity was incorporated into SP83 (data not shown).
Several other identifiable polypeptides can be efficiently labeled with [32P]-NAD+ in vitro. These include the acidic variants of vimentin and 3-tubulin, two forms of tropomyosin, and the regulatory (G/F) subunit of the adenylate cyclase system (Fig. 4B) . None of these polypeptides incorporated detectable amounts of [3H]adenosine in vivo.
Modulation of the ADP-Ribosylation of SP83 by Heat Shock and Glucose Starvation. CEF were prelabeled for 5 hr with [3H]adenosine at 370C and then were incubated at 450C for 60 min, still in the presence of the isotope. The level of ADP-ribosylation of SP83 decreased an average of 92% compared with untreated controls (Fig. 2 B and D, lanes 1 and 5) . Similar results were obtained with 8-day-old chicken embryo myotubes incubated at elevated temperature (data not shown).
Glucose starvation of rat-i fibroblasts during the time of labeling also decreased the level of ADP-ribosylation of SP83. On the average one-fourth as much radioactivity was detected in SP83 as compared with cells grown under normal conditions (Fig. 2F, lanes 1 and 2) . However, when chicken cells were incubated in the absence of glucose no change was detected in the incorporation of [3H]adenosine into SP83 (Fig. 2 B and D,   lanes 1 and 2) . This difference between avian and murine cells is most likely due to differences in metabolism and utilization of carbon sources. Furthermore, no significant difference in the 3H labeling of SP83 was observed in RSV-transformed rat-1 cells as compared with normal cells (Fig. 2F, lanes 1, 3, (Fig. 1 A and B) SP83 has been reported to be both phosphorylated (ref. 17; unpublished data) and methylated (13, 31) in vivo. Furthermore, the methylation of SP83 has been shown to be coupled to the synthesis of the protein (31) . On the other hand, ADPribosylation of the protein does not appear to be coupled to its synthesis and can occur posttranslationally.
Because it may be relevant to the function of the protein in vivo, it is of special interest that ADP-ribosylation of SP83 can be modulated by heat shock and glucose starvation. The response to heat shock is rapid and extensive and should not be due to changes in the specific activity of the NAD+ pool, because cells were prelabeled for 5 hr before increasing the temperature. Furthermore, the removal of the ADP-ribose as a response to heat shock and glucose starvation takes place even under conditions in which the response to the stress situation (i.e., induction of the synthesis of SP83) is inhibited by the presence of RNA synthesis inhibitors. This implies that the loss of ADP-ribose from the protein is either independent of or precedes the induction of the protein. However, until the kinetics of labeling and disappearance of the modified group during stress situations have been investigated in greater detail, it is difficult to speculate more on these points.
Enzymes catalyzing the transfer of mono-or poly-ADP-ribose to protein acceptors have been described and characterized from several specific cytoplasmic locations (32) (33) (34) (35) . It is usually thought that poly-ADP-ribosylation is confined mainly to the nucleus, whereas cytoplasmic acceptors contain only monoderivatives of ADP-ribose. Direct quantitation of ADP-ribose shows that there is -0. 1-0.2% poly-ADP-ribose of total ADPribose (36) . Therefore, cytoplasmic acceptor(s) should be by far the most abundant species detected in in vivo labeling experiments. This is consistent with our findings that SP83 is the major ADP-ribose acceptor in vivo and explains why nuclear proteins like histones are not detected as being modified in these experiments.
In the experiments presented here we noted that the molecular weight and pI of the ADP-ribosylated SP83 is fairly similar to that of the protein synthesis elongation factor 2 (EF-2) (37 
